Background: Ambient particles are associated with cardiovascular events and recently with total plasma homocysteine. High total plasma homocysteine is a risk for human health. However, the biologic mechanisms are not fully understood. One of the putative pathways is through oxidative stress. We aimed to examine whether associations of PM 2.5 and black carbon with homocysteine were modified by genotypes including HFE H63D, C282Y, CAT (rs480575, rs1001179, rs2284367, and rs2300181), NQO1 (rs1800566), GSTP1 I105V, GSTM1, GSTT1 (deletion vs. nondeletion), and HMOX-1 (any short vs. both long). We attempted to replicate identified genes in an analysis of heart rate variability and in other outcomes reported in the literature. Methods: Study subjects were 1000 white non-Hispanic men in the Boston area, participating in a cohort study of aging. PM 2.5 , black carbon, total plasma homocysteine, and other covariates were measured at several points in time between 1995 and 2006. We fit mixed models to examine effect modification of genes on associations of pollution with total plasma homocysteine. Results: Interquartile range increases in PM 2.5 and black carbon (7-day moving averages) were associated with 1.5% (95% confidence interval ϭ 0.2% to 2.8%) and 2.2% (0.6% to 3.9%) increases in total plasma homocysteine, respectively. GSTT1 and HFE C282Y modified effects of black carbon on total plasma homocysteine, and HFE C282Y and CAT (rs2300181) modified effects of PM 2.5 on homocysteine. Several genotypes marginally modified effects of PM 2.5 and black carbon on various endpoints. All genes with significant interactions with particulate air pollution had modest main effects on total plasma homocysteine. Conclusions: Effects of PM 2.5 and black carbon on various endpoints appeared to be mediated by genes related to oxidative stress pathways.
E xposure to ambient particulate matter (PM) is consistently associated with cardiovascular diseases. [1] [2] [3] [4] [5] [6] [7] However, the mechanisms by which PM exerts these effects are not fully understood. Putative biologic mechanisms include direct effects on the myocardium, disturbances of the cardiac autonomic nervous system, and pulmonary and systematic oxidative stress and inflammatory responses that trigger endothelial dysfunction, atherosclerosis, and coagulation/thrombosis. 8, 9 Understanding the relative roles of such potential pathways is a major goal of recent air pollution epidemiology. Although traditional epidemiologic studies have been viewed as purely correlative, the ability to integrate genetics in this analysis of susceptibility factors enables population-based research to provide valuable clues to the underlying mechanisms for the associations observed.
Several studies have found that exposure to PM increases global oxidative stress. 10 -14 For example, Gurgueira et al 11 reported that oxidative stress in cardiac tissue increased after adult Sprague-Dawley rats were exposed to concentrated ambient particles. Kim et al 12 reported that levels of urinary 8-hydroxy-2Ј-deoxyguanosine (a biomarker of oxidative DNA damage and repair) increased in workers after occupational exposure to fine particulate matter.
Hyperhomocysteinemia has been conjectured to be a major and independent risk factor for venous thrombosis, atherosclerosis, myocardial infarction, and stroke. [15] [16] [17] [18] [19] The elevation of blood concentration of total homocysteine induces endothelial cell injury, primarily through oxidative stress. 20 Elevated plasma homocysteine concentrations may repress vasodilator nitric oxide 21 and spark the proliferation of vascular smooth muscle cells, 22 which may, in turn, raise the risk of cardiovascular diseases. In addition, homocysteine is associated with increased proinflammatory markers, such as interleukin-6, fibrinogen, and C-reactive protein. 23, 24 Our previous study showed that plasma homocysteine was independently associated with traffic-related pollutant exposures, especially PM 2.5 and black carbon, after adjusting for confounders. 7 This association may be a part of the mechanisms whereby particles reduce endothelial function. We also reported that those associations were altered by blood concentrations of folate, vitamin B6, and B12, which is related to homocysteine metabolism. 7 However, the exact biologic mechanisms linking air pollution exposure to elevated plasma homocysteine are not yet established. In particular, it is unclear whether particles influence homocysteine by increasing oxidative stress.
Several studies have demonstrated that certain genetic polymorphisms related to oxidative stress modified the effects of PM on cardiovascular responses. [25] [26] [27] However, very limited studies examined a set of genetic polymorphisms and none of the studies considered homocysteine as an intermediary biomarker of effects. For example, Park et al 25 reported that associations between exposure to PM 2.5 and heart rate variability were modified by polymorphisms of hemochromatosis genes (C282Y and H63D). Variant carriers have increased uptake of transition iron into cells. In the absence of this uptake, transition metals can catalyze the formation of reactive oxygen species via Fenton chemistry. Other studies have shown that associations between exposure to PM 2.5 and heart rate variability were modified by polymorphisms of the glutathione-S-transferase M1 (GSTM1) gene 26 or heme oxygenase-1 (HMOX-1), 27 enzymes that reduce the impact of reactive oxygen species. Zeka et al 28 reported that black carbon was associated with elevated C-reactive protein in subjects who were GSTM1 null, but not with the gene.
The main purpose of this study was to examine associations of PM 2.5 and black carbon with total plasma homocysteine, an intermediate outcome from the Normative Aging Study, and to examine whether a broad set of gene polymorphisms related to oxidative stress modified these associations. To avoid excessive enthusiasm about candidate genes, we also tested genes that were seen to modify the association of air particles with total plasma homocysteine to see if they also modified associations with heart rate variability-overall, the predominantly parasympathetic component, or the predominantly sympathetically driven component. This study also briefly reported effect modifications using other endpoints, of which effect modifications were seen by these genes from other reports. The set of candidate genotypes in this study include HFE, 29, 30 NAD(P)-quinone oxidoreductase (NQO1), 31 catalase (CAT), 32 glutathione-S-transferase (GST) M1 (GSTM1), P1 (GSTP1, Ile105Val), T1 (GSTT1), 26, 33 and HMOX-1 (GT repeated numbers: Ͻ25 ͓short͔ and Ն25 ͓long͔). 27
METHODS

Study Population
The Normative Aging Study is a longitudinal aging study established by the Veterans Administration (VA) in 1961 when 2280 men from the greater Boston area, free of known chronic medical conditions, were enrolled. 34 Participants underwent detailed examination every 3 to 5 years, including routine physical examination, laboratory tests, collection of medical history, social status information, and administration of questionnaires on smoking history, food intake, and other factors that may influence health. Between January 1995 and December 2006, all 1035 participants still appearing for examination were evaluated for homocysteine, gene polymorphisms, and other covariates once or more times; 1000 (96.6%) of these men were non-Hispanic white. Due to the racial domination, we restricted all analyses to the non-Hispanic white participants, having a total of 2414 observations (271 with one visit; 232, two visits; 314, three visits; 178, four visits; and 5, five visits).
Plasma Analysis of B Vitamins and Homocysteine
Fasting plasma samples were drawn at the VA field site and stored at Ϫ80°C. Folate and total plasma homocysteine, vitamins B6 and B12 in fasting plasma were measured at the USDA Human Nutrition Research Center on Aging at Tufts University. Folate and vitamin B12 were assessed by radioassay using a commercial kit from Bio-Rad (Hercules, CA); vitamin B6 (as pyridoxal-5-phosphate) by an enzymatic method using tyrosine decarboxylase; and total plasma homocysteine using high-performance liquid chromatography with fluorescence detection. Further details are described elsewhere. 7, 35 
Measurement of Heart Rate Variability
Heart rate variability was measured at rest during normal breathing for 7 minutes using a 2-channel (5-lead) ECG monitor (Model: Trillium 3000; Forest Medical, East Syracuse, NY) while the man was seated. Standard deviation of normal-to-normal intervals, high frequency (0.15 to 0.4 Hz), and low frequency (0.047 to 0.15 Hz) was computed with a Fast Fourier transform using software (Trillium 3000 PC Companion Software; Forest Medical) complying with established guidelines (Task Force of the European Society of Cardiology and the North American Society of Pacing and Electrophysiology 1996). tapered-element oscillating microbalance (model 1400A, Rupprecht & Pataschnick Co, East Greenbush, NY)and an aethalometer (Magee Scientific, Berkeley, CA), respectively. The moving averages of PM 2.5 and black carbon up to 7 days before the visit were used as the exposure index because our preliminary analysis indicated that this exposure period was consistently associated with total plasma homocysteine. 7 To adjust for outdoor weather, we used apparent temperature as an index, defined as a person's perceived air temperature, given the humidity. 36 
Genotypes
We selected a set of single nucleotide polymorphisms (SNPs) related to oxidative stress based on the gene functions and data available in this study: HFE H63D (rs1799945), HFE C282Y (rs1800562), CAT (rs480575, rs1001179, rs2284367, and rs2300181), GSTM1, GSTT1, GSTP1 I105V (rs1695), NQO1 (rs1800566), and HMOX-1. Previous studies have shown that variations of HFE C282Y, HFE H63D, HMOX-1, and GSTM1 genes modify associations between heart rate variability and PM 2.5 or black carbon. [25] [26] [27] Glutathione pathways play a key role in cellular defenses against reactive oxygen species. 33 GSTP1, GSTT1, and GSTM1 are members of the glutathione-S-transferase family involved in the mechanism of reactive oxygen species and xenobiotic components. 37 Deletions of GSTM1 and GSTT1 are prevalent, and the absence of their proteins has been associated with health outcomes. 26, 37 Catalase helps to maintain oxidative balance by converting hydrogen peroxide, a powerful reactive oxygen species, into water and molecular oxygen. 32 Polymorphisms of CAT genes have been shown to affect the transcriptional activity. 38 Similarly, NQO1 is also involved in reactive oxygen species mechanism. 39 We categorized HMOX-1 into 2 levels (any short and both long) based on repeated number of microsatellite (GTn) because previous studies have shown that high GT repeats at 5Ј-flanking region may reduce HMOX-1 inducibility by reactive oxygen species and has been associated with increased risk of cardiovascular diseases. 40, 41 Consequently, persons with a high number of GT repeats may be more susceptible to the effects of airborne particles. 27 Multiplex polymerase chain reaction assays were designed using Sequenom SpectroDESIGNER software (Sequenom Inc, San Diego, CA) by inputting sequence containing the SNP site and 100 bp of flanking sequence on either side of the SNP. Assays were genotyped using the Sequenom MassArray MALDI-TOF mass spectrometer (Sequonom, CA) with semiautomated primer design (SpectroDESIGNER, Sequenom) and implementation of the very short extension method. 42 Assays that failed to multiplex were genotyped using the TaqMan 5Ј exonuclease (Applied Biosystems ͓ABI͔, Foster City, CA) with primers from ABI using radioactive labeled probes detected using ABI PRISM 7900 Sequence Detector System. 43
Statistical Analyses
The dataset had repeated measures over time, and the dependent variable might relate nonlinearly to covariates. We therefore used generalized additive mixed models (GAMM in R, version 2.7.2) to incorporate random subject intercepts and the possibility that total plasma homocysteine is nonlinearly related to some continuous predictors such as temperature, seasonality, age, and plasma vitamins. We used log-transformed total plasma homocysteine to improve normality and stabilize variance. We identified a priori the following variables as important determinants of homocysteine: age, serum creatinine, body mass index (BMI), systolic blood pressure (SBP), smoking status (never, former, current), pack-years of cigarettes smoked, alcohol consumption (Ն2 drinks/day; yes/no), and plasma folate, vitamins B6 and B12, according to previous studies. 7, 44, 45 We controlled for age, serum creatinine, pack-years smoked, plasma folate, vitamins B6 and B12, apparent temperature, and time (years) as continuous variables, using default thin-plate regression spline. The degrees of freedoms were automatically selected via generalized cross-validation. 46 We further adjusted for alcohol use and smoking status, and adjusted for BMI and SBP as linear predictors. 7 We adjusted for seasonality (days of the year) using 7 degrees of freedom (df) per year. 47, 48 We adjusted for apparent temperature using averages of apparent temperature in the same period as pollutants within 3-day lags and then using 3-day averages of apparent temperature for other lags. We conducted sensitivity analyses using different degrees of freedom for days of the year.
We then examined effect modification by genotypes. We categorized each genotype into a dummy variable (ie, yes/no, or wild/non-wild, or short/long types). We combined heterozygous and homozygous types into non-wild type because of the small number of homozygous non-wild types. We introduced an interaction term for a pollutant and a gene, including both main-effect terms. We then estimated effects of each pollutant on total plasma homocysteine across genotypes by linearly combining coefficients of the main effect and interaction effect of the pollutant.
Polymorphisms that were significant modifiers of the association between particles and total plasma homocysteine were then tested to see if they modified the effects of particles on heart rate variability. Table 1 describes the demographic and clinical characteristics of participants, total plasma homocysteine measures, pollutants, and some covariate measures. The average age at visit was 72 years (95% confidence interval ͓CI͔ ϭ 58 years to 86 years). Means of average concentrations of PM 2.5 and black carbon in the past week were 11.3 g/m 3 and 1.0 g/m 3 , respectively. Interquartile ranges (IQR) for weekly averages of PM 2.5 and black carbon were 4.56 g/m 3 and 0.49 g/m 3 , respectively. Table 2 shows distributions of gene polymorphisms of CATs, NQO1, HFEs, GSTs, and HMOX-1. Among 1000 participants, wild types were dominant for CATs, NQO1, and HFEs, but the situation varied for GST; 47% were classified as wild type for GSTP1; 79% and 43% of subjects were classified as non deletions for GSTT1 and GSTM1, respectively. Mean of the HMOX-1 GC repeated number was 26 (95% CI ϭ 19.6 to 32.4) with median 24. Proportions for any short and both long HMOX-1 were approximately equal, using 24 repeated number of GC as the cutoff. We examined whether each genotype was independent within individuals, and found that CAT (rs480575), CAT (rs1001179), and HFE (rs1799945) departed significantly from Hardy-Weinberg equilibrium and P ϭ 0.007, 0.011, and 0.045, respectively.
RESULTS
We separately assessed associations using shorter averaging periods (previous day through 6-day moving average), adjusting for selected covariates. Results show that moving averages of pollutants over longer period exerted stronger effects on total plasma homocysteine ( Table 3) . IQR increases in 7-day moving averages of PM 2.5 and black carbon were associated with 1.5% (CI ϭ 0.2% to 2.8%) and 2.2% (0.6% to 3.9%) increases in total plasma homocysteine, respectively.
We separately estimated effect modifications of pollutants on total plasma homocysteine by individual gene polymorphisms using 7-day moving averages of PM 2.5 and black carbon, because this exposure period showed the strongest associations with total plasma homocysteine. Associations of black carbon and PM 2.5 with homocysteine were modified by genotypes. CAT (rs2300181) and HFE C282Y significantly modified associations between PM 2.5 and total plasma homo-cysteine; GSTT1 and GSTM1 marginally significantly modified associations between PM 2.5 and total plasma homocysteine; GSTT1 and HFE C282Y significantly modified associations between black carbon and total plasma homocysteine; and NQO1 marginally significantly modified associations between black carbon and total plasma homocysteine ( Table 4 and Figs.  1 and 2 ). An IQR increase of 7-day moving average of PM 2.5 was associated with a 1.8% increase (95% CI ϭ 0.5% to 3.2%) and 2.5% decrease (Ϫ5.7% to 0.7%) in total plasma homocysteine for wild and non-wild carriers of HFE C282Y, respectively. An IQR increase of 7-day moving average of black carbon was associated with a 2.5% increase (0.8% to 4.2%) and 1.4% decrease (Ϫ4.8% to 1.9%) in total plasma homocysteine (log) for wild and non-wild carriers of HFE C282Y, respectively. We also examined main effects of individual genes on homocysteine in the model. All genes with significant interac- Air Pollution, Homocysteine, and Effect Modification by Genotypes tions had marginal significant main effects on total plasma homocysteine, while there were no signs of main effects for genes without significant interaction. Because several SNPs modified associations between particulate pollution and total plasma homocysteine, we conducted a sensitivity analysis, by combining the number of variants. We assigned 0 to the favorable variant, 1 to the heterozygous unfavorable variant, and 2 to the homozygous unfavorable variant for CATs, NQO1, HFEs, and GSTP1, and assigned 0 to nondeletion for GSTM1 and GSTT1 or any/both short for HMOX-1, and 1 to deletion for GSTM1 and GSTT1 or both long for HMOX-1; we then assess whether there was a trend with increasing number of variants in the pathway. We fit similar interaction models replacing single genes with scores adjusting for the same covariates. Effect modifications were observed for both PM 2.5 and black carbon using accumulating continuous scores (P ϭ 0.094 and P ϭ 0.087 for interaction terms for PM 25 and black carbon, respectively). If the continuous scores are categorized into 2 levels by median, the significant effect modification was observed in PM 2.5 (P ϭ 0.048 for interaction term) but not for black carbon (P ϭ 0.22 for interaction term).
We then tested the genes that modified the effects of particles on total plasma homocysteine to see if they likewise modified the effects on the heart rate variability parameters. We examined whether GSTT1 modified associations between heart rate variability and PM 2.5 or black carbon (adjusting for age, alcohol consumption, body mass index, smoking, season, etc., as done by Schwartz et al, 26 ) and found marginal effect modification with low frequency and black carbon (P Ͻ 0.2), but not for PM 2.5 (Table 5 ). For HFE (rs1800562) we saw marginal effect modification for low frequency and for standard deviation of normal-to-normal intervals, again only for black carbon (Table 5 ).
DISCUSSION
The present study confirms our previous results-that PM 2.5 and, more strongly, black carbon are associated with elevated plasma homocysteine. We found effect modification by a set of gene polymorphisms. We also confirmed the increasingly common finding of genes with only marginal main effects, but significant interactions with markers of air pollution. We believe this observation is important, particularly with the advent of higher density genotyping studies. A common strategy is to examine only genes with an observed main effect on the phenotype. This strategy seems likely to miss many important interactions. Our work suggests that this may be a common scenario, as the main effects for both genetic and environmental factors may simply represent unmeasured effect modification and therefore are weak estimates of independent effects. By correctly modeling the variance as a gene-environment interaction, sufficient power is gained to detect the underlying relationship.
This study found that associations of PM 2.5 and black carbon with total plasma homocysteine were modified by polymorphisms of HFE C282Y and GSTT1. We have also shown that particles exerted stronger effects on total plasma homocysteine among subjects carrying the wild-type HFE-C282Y gene variant or carrying the deletion of GSTT1. In our replication analyses, these polymorphisms marginally modified the association of particles with heart rate variability parameters. These findings are consistent with our previous studies, as well as with others using different endpoints. For example, Park et al 25 reported that this HFE variant modified the effects of particulate pollution on heart rate variability in a subset of our data. Schwartz et al 26 reported an association between PM 2.5 and parasympathetic part among those without the GSTM1 allele, but not for those with the allele. Our colleagues 49 have examined possible modification of the associations between PM 2.5 and soluble vascular cell adhesion molecule-1 or intercellular adhesion molecule by polymorphisms of HFE and GSTM1; polymorphisms of HFE but not for GSTM1 marginally modified effects of PM 2.5 on VCAM. Earlier, Zeka et al 28 reported that GSTM1 modified the effects of particles on C-reactive protein. Hence there is a good consistency for modification by HFE, and broad consistency for modification by polymorphisms in glutathione S transferases, although somewhat weaker for specific GSTs. 27, 28 Our study used a well-described biomarker of oxidative stress and cardiovascular health-plasma homocysteine levels. Homocysteine is made from methionine in a multistep reaction via S-adenosyl methionine. Homocysteine not obtained from the diet is a normal temporary and chemically reactive product measured in blood. A large body of evidence suggests that a high plasma homocysteine concentration is a powerful and independent risk factor for cardiovascular diseases. 15, 16, 18, 19 In normal situations, homocysteine can be recycled into methionine or permanently converted to cysteine via the transsulfuration pathway. Cysteine further joins syntheses of proteins or glutathione (an antioxidant) through complex enzymatic pathways. Biologically, cysteine and homocysteine metabolism is directly related to GST isozymes and indirectly to HFE and catalase metabolism, as iron is critical to the Fenton reaction that produces hydrogen peroxide, and catalase is critical to the detoxification of hydrogen peroxide. 29 Therefore, it is possible that elevated homocysteine may be related to oxidative stress enzymes such as HFEs, CATs, NQO1, and GSTs. We believe these established metabolic processes lend strength to our studies, potentially describing biologic mechanisms whereby air pollution particles can damage cardiovascular health.
Glutathione is a tripeptide antioxidant, containing an unusual peptide linkage between the amine group of cysteine and the carboxyl group of the glutamate side chain. It plays a vital role in cellular defenses against reactive oxygen species. 33 GSTs are a family of enzymes involved in the metabolism of reactive oxygen species and xenobiotic compounds, Adjusted for apparent temperature, age, serum creatinine, body mass index, systolic blood pressure, smoking status, pack-years of cigarettes smoked, alcohol consumption, plasma folate, vitamins B6 and B12, long-term trend, and seasonality (using days of the year). FIGURE 1. Estimated percent change in homocysteine (log) (95% CI) associated with an IQR increase of 7-day moving average of black carbon by gene polymorphisms adjusting for apparent temperature, age, serum creatinine, body mass index, systolic blood pressure, smoking status, pack-years of cigarettes smoked, alcohol consumption, plasma folate, vitamins B6 and B12, and seasonal and longterm trends using days of the year.
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Air Pollution, Homocysteine, and Effect Modification by Genotypes expressed nearly ubiquitously in human tissues. Previous studies have shown that GSTM1 null variants modified effects of particles and ozone on heart rate variability or lung function. 26, 31 This study observed that GSTT1 modified associations of black carbon and of PM 2.5 with total plasma homocysteine, but with no clear modification by GSTM1. GSTT1 catalyzes the conjugation of glutathione to numerous potentially genotoxic compounds. 50 Individuals with homozygous deletion of GSTM1 or GSTT1 have reduced GST activity and thus may be unable to eliminate toxins as efficiently. 50 Therefore, glutathione deletion and conjugation may be reduced among those who are null for the GSTT1 gene when exposed to particles. Differences in effect modification between M1 and T1 null variants may reflect tissue-specific expression difference, measurement error in genotyping, measurement error in exposure or phenotype, or chance.
This study also found that HFE C282Y modified associations of black carbon and PM 2.5 with total plasma homocysteine, black carbon, and PM 2.5 appear to exert weaker effects on homocysteine among individuals with at least one copy of HFE C282Y mutation than for those with wild-type HFE C282Y. Such effect modification was not obvious for the HFE H63D allele. Variants in HFE are the major risk factors for adult-onset hemochromatosis. C282Y and H63D variants are described in details elsewhere, but are 2 primary functional variants responsible for this disease. 51 The penetrance of the C282Y variant is considerably higher than that of the H63D variant in hereditary hemochromatosis patients but is still less than 10% even for those homozygous for C282Y in common population. 30, 52 The HFE protein product binds to ␤ 2 microglobulin and is a regulatory factor that determines transferrin receptor affinity for ironloaded transferrin. Binding by the transferrin receptor to HFE FIGURE 2. Estimated percent change in homocysteine (log) (95% CI) associated with an IQR increase of 7-day moving average of PM 2.5 by gene polymorphisms adjusting for apparent temperature, age, serum creatinine, body mass indices, systolic blood pressure, smoking status, pack-years of cigarettes smoked, alcohol consumption, plasma folate, vitamins B6 and B12, and seasonal and long-term trends using days of the year. reduces affinity of the receptor for iron-loaded transferrin by 5to 10-fold, thereby inhibiting iron transfer across cell membranes. 30 The C282Y variant alters the HFE protein structure, disrupting its transport to and presentation on the cell surface. The net result is increased transfer of iron across the cell membrane. The C282Y variant results in a greater loss of protein function than does H63D. 53 The Catalase gene is 34 kb in length and split into 13 exons, encoding for a protein of 526 amino acids. 54 Catalase is the main regulator of hydrogen peroxide metabolism. 55 Hydrogen peroxide is a by-product of physiologic processes, and oxidase enzymes and is also produced as a part of defense mechanism against oxygen free radicals. The reactive superoxide anion is converted into less toxin hydrogen peroxide by superoxide dismutase. Catalase enzyme mutations may reduce the catalase activity 56 and potentially increase concentrations of hydrogen peroxide. Inherited catalase deficiency will result in acatalasemia (homozygous state) and hypocatalasemia (heterozygous). 57 It has been associated with increased plasma homocysteine concentrations. 32 In recent years, many studies have reported that polymorphism of CAT-262CϾT is associated with modified catalase activity. 56,58 -61 No functional CAT modification has been reported for the CAT polymorphism so far.
Experimental studies have shown that ambient particles toxicologically act via the oxidative stress pathway. 10, 62, 63 Ghio et al 62 found that homozygous Belgrade rats functionally deficient in divalent metal transporter-1 (DMT1) display decreased metal transport from the lower respiratory tract and have stronger lung injury than control littermates, when exposed to oil fly ash containing iron. Belgrade rats cannot transport iron and other divalent metals across membranes via HFE gene-regulated processes. They also reported that healthy volunteers exposed to concentrated ambient air particles had increased concentrations of blood fibrinogen and induced mild pulmonary inflammation. 10 Tamagawa et al 63 reported that the exposure of New Zealand rabbits to PM 10 for 5 days and 4 weeks caused acute and chronic lung and systematic inflammation that were both associated with vascular endothelial dysfunction.
There are several limitations with this study. We used air pollution concentrations from a single monitoring site, which might lead to exposure misclassification. The extent of error depends on the spatial homogeneity of the exposure, as we compared exposures with temporality. A recent study compared ambient concentrations with personal exposures using monitoring measurement, and results showed high correlation between these 2 measurements for PM 2.5 in the Boston area. 64 In contrast, black carbon concentrations were more spatially varied. Our previous analyses showed greater exposure errors for black carbon, although concentrations were highly correlated between 14 monitoring sites (coefficient 0.54 to 0.94). 7 Nevertheless, with nondifferential misclassification, any potential bias would be expected toward the null. The Normative Aging Study consists of an aged population of mainly non-Hispanic white men. Therefore, the findings are not well generalizable to other populations. In addition, although the availability of a set of oxidative stress-related genes was beneficial for consistent assessment, this might to some degree introduce the problem, of multiple comparisons, thus increasing the uncertainty.
In conclusion, this study found that variations of oxidative stress-related genes modified effects of black carbon/ PM 2.5 on total plasma homocysteine, which is consistent with effects on heart rate variability and various other endpoints. Persons carrying the deletion of GSTT1 or wild types of HFE C282Y had higher plasma homocysteine than those carrying nondeletion or non-wild types of corresponding genes when they exposed to ambient particles. This suggests that effects of black carbon and PM 2.5 on plasma homocysteine and other endpoints may be mediated by the oxidative stress pathway.
